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THE THREE-DINENS IOMAL HYDRODYMANIC BOT-SPOT MODIL

Charles L. #ader and James D. Kershner
Los Alamos Mational Laboratory
Los Alamos., Nev Mexaico

The interaction of a shock wvave with a single air hols and a
matrix of air holes in PETN, HMX. and TATB has been numeri-
clllY nodeled. The hot-spot formation, interaction, and the
resulting build up toward detonation were computed using
three-dimensional numerical Eulerian hydrodynamice with
Arrhenius chemical reaction and accurate sgQuations of state
according tc the hydrodynamic hot-spot model. The basic
differences between shock sensitive explosives (PETN, HMX) an
shock insensitive explosives (TATB., NQ) may be described using
the hydrodynamic hot-spot model. The reactive hydrodynamics
of desensitisation of heteroge..sous explosives %y a weak
preshock has been numerically modeled. The preshock decen-
sitizes the heterogensous explosive by closing the air holes
and making it more homogeneous. A higher pregsure second
shock has a lower temperature in the uultiple shocked explo-
sive than in single shocked explosive. e multiple shock
temparature xay be low enough to cause a detonation wave Lo
fail to propagata through ths preshocked explesive.

INTRODUCTION

A shocked homogeneous explosive
such as nitromethane firs® completely
decomposes at the piston-axplosive
interface and achieves a detonation
vith a peak pressure that builds up
towvard the C-J pressure of the high-
donnitx shocked nitroamethane. e
detonation wave overtakes the shock
vave, ani the pressu.e at the end of
the reaction sone decays toward the
piston pressure.’

1f one introduces gas bubbles or
grit into a homogeneous explosive such
as a liquid or a single crystal,
thorob¥ producing a heterogeneous
explosive, the minimum shook pressure
necessary to initiate prosn ating
detonation can be dJdecrease Yy one
order of magnitude.

Reterogeneous explosives, sch an
PRX~9404 or FPBX-9502, show a different
behavior than homogenesous explosives
show when pro*:irting along eonf-ning
surfaces. A heterogenecus explusive

can turn sharp corners and propagate
outvard, and depending upon its sen-
sitivity. it =may show either very
little or puch curvature vhen propaga-
tlng along a metal surface. The
pechanism of initiation for hetero-
g;nooul explosives is different from

e simple Arrheniuvi kinetic model
found fdoSuato for homogeneous explo-
sives. eterogenescus explosives are
initiated and may propagate by the
process of shock 1interaction with
density dimcontiauities such as voids.
These interactions rasult in hot
regions that decompose and produce
increasing pressures that cause more
and hotter decomposing regions The
shock wave increasas in strength,
1eleasing more and more energy. until
it becomes strong enouyh that all of
the wuxplosive reacts and detonation
begins.

This process is described by the
'hxdrodz:nlic hot-spot™ model, which
podels the hot-spot formation from the
shock interactions that occur at
density discontinuities and describes
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the decomposition using the Arrbenius
rate lav and ths temperature from the
BOM equation of state.!

The numerical) modeling of the
interaction of a shoshk wave vith a
single densit discontipuity was
reported in Ref. (II, where an §.3-Grla
shock interacting with a single spher -
ical hole in nitromethane vas studied.
The study was extanded to four rectan-

lar holes.! It vas determined that

.0032-mm~radius lindrical woids
would build tovard detonacion and
0.00l-mm-radius voids would form hot
spots that falled to propagats because
of rarefactions cooling the reactive
wvave.

The process of shock initiation
of Leterogenecus explosives has been
investigated? numerically by studying
the interaction of shock vaves vi a
cube of nitromethan~ containing %1
hcles. An 8.5-GP'a shock interacting
with a single 0.002-mm hole did rot
build toward detonation. when +the
shock wave interacted with a matrix of
0.002-mm holes, it became strong
enough to build toward detonation.
Reducing the wize of the holes to
0.0004 mm resulted in a sufficient
amount of the explosive decomposing to
compensate for e loss in enorfy to
the flov caused by the interaction of
the shock wave with the hdles. The
shock wave slowly grev stronger, but
it did not build to detonation in the
time of the calculation.

A 5.5-GPa shock wave interacting
with a matrix of 0.002-mm holes re-
sulted in insufficient heating of the
resulting hot spots to cause signifi-
cant decomposition.

The process of desensitigzation by
preshocking vas found to be a result
of the holes being closed by the
low-pressure initial shock wave with-
out resulting in apprecrable expiosive
decomposition. The higher pressurs
shock that arrived later did nct have
holes with which to interact and
behaved like a shock wave in a homo-
geneous explosive until it caught up
with the lower pressure preshock wave.

The basic processes in the shock
initjation of heterogensous explosives
have been nurerically modeled in three
dimensions. Tre interaction of ¢
shock wave with density discontinui-
ties, the resulting Lot-spot forma-
tion, interactien. ané the build up
toward detonaticn or failure have been
modeled. 1In this paper the hydrodynam-
10 hot-spot model is umed to investi-

ate other explosives and other kinet-
cs to s the basi: differences
betvesar ahock sean3itive and sheck
insensitive explosives.

It bas besn abedrved that pre-
sbocking a betsrugenecus explosive
with a shock pressure Loo loew to cause
gropaqatinq tonction in the time of

nterest can cause a propagoting
detonation ip unshocked explosive to
fail to ocontinue pr atipg vhet the
detonation front arrives at the pre-
viously shoched explosive. The result-
:23. losive desensitination was
led using a Forest Fire ei-

tion rate that was determined by
the initial eshock pressure of tgo
first shock vave passing through the
explosive. This mo4del could repro-
duce the experimentally observed
explosive desensitization of TAT
(trisminotrinitrobensens) explosives
reviously shocked by ehort duration

S and 80-kilobar puleses. It could
not reproduce the cbesrved results for
low or high preshock pressures that
fail to quench a propagating detona-
tion.

To letermina the mechanism of the
explosive desensitization bY preshock-
ing. we used a three-iimenalonal reac-
tive hydrodynamic wodel of the pro-
cets. VWith the Bechanism dete ned,
it wvas possible to modify the decompo-
sition rate to include both tha dessen=-
sitigation and failure to desensitize
effacrs.

NUMERICAL MODILING OF RHOCK
BENSITIVITY

The three-dimensional Eulerilan
l1eactlve hydrodynamic code 3DE is
described in Ref. (4). It uses tech-
nigues identical to those d.nacribed in
de.ail in Ref. gl) end used success-
fully for describing two-aimcnsional
Fulerian flow with mixed cells and
multiccmponent eguaticns of state and
for modeling reactive flow. It has
been used to study the 1ntrrnct10n of
multiple detonation waves.' the basic
process in shock initiation of hetaro-
?.nCOUI axplosives,*’'? and the reac-

ive hydrrdynamics of a ?ltrix of
tungsten particles in HMX.

The Ar_henius reactive rate lavw
wvas used with the constants determined
experimentally by Raymond N. Rogers
and describad ir, Ref. (1). The con-
stants used are given in Table 1.
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Tnhe BOM equation-of-atate con-
stants used for PETN are described in
Ref. (1). The BKW detonation product
and the solid egQuation-of-state con-
stants used in BOM atlion of
state are given in Rsf. (:S?

A constant voloci}ytgilton vas
applied to the hottom o cgsloniv.
e, shocking the explosive initially
to th: dasired pressure. Wwhen the
shock wave interacts with a hole, a
hot spot with eratures several
hundred degrees hotter than the sur-
rounding explosive is formed in the
region above the hole vhen it is
collapsad by the shcck wave. The hot
regon decoaposes and contributes
onolqg to the shock wave, which has
been de¢graded by the hole interaction.

Whether this ener is sufficient
to compensate for the loss froam the
hole interaction dcpends upon the
magnitude of the initial shock wave,
the hole size, and the interaction
with the flow from nearest neighbor
hot spo:s. The objective of the study
vas to investigate the npature of this
complicnted interaction and to deter-
epine if the hydrodynamic hot=-spot
wodel was adeguate to describe the
experimuntally observed sensitivity to
shock initiation of the heterogeneous
explosives PETN, BEMX, TATB, and Nitro-
guanidire with PETIN being the most
sensitive and Nitroguanidine the least
sensitive.

For example. to initiate PRX-9404
HMX-based explosive) or PBX-$502
TATB-based explosive) at maximum

pressed density within 4 mm of shock
run requires a ahock wave in PBX-8404
of ¢ a and in PBX-9502 of 16 QPa as
dotorn*nod from the experimental Pop
plots.

Tfo initiate PETN at 1.75 g/om!
(crystal density is 1.778) within 4 mmn
of shock run requires a pressure of
only 2 GPa, while to initiate Nitro-

anidine at 1.723 g/com* (crystal
ensity is 1.774) within 4 mm of shock
IUn requires a pressure of 2% GPa%.

The hole sise present in such
pressed losives varies from holes
of 20 to 600 A in the TATB C{E:tlll to
holes as large as 0.5 mm in explo-
sive-binder matrix. MNost of %he holes
vary in sise from 0.0% to 0.00%5 mm in
dissetar. so we examined holes in that
range of diameters.

As shovn in Ref. (1). tho Lot
spot formed vhen a shock wave inter-
acts with a s rical hole scales with
tha radius of the hole as long cs no
chemical reaction occurs. si
hot-spot ratures in the calcula-
ted range of 700 to 1300 K and cQal-
culating the adiabatic explosion
times, one observes ths ordering
according to sensitivity (time to
(% loaionl shown in Table 2. The
orderirg is identical to that observed
experizentally.
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The interaction of shock wvaves of
various predsures vwith single cubtical
alr holes of various sizes in PFIN,
HMX, TATB, and NQ was investigated.
The calculacions 30del the hote-spct
explosion and failure to propagate
because of rarefactions cooling the
reactive wave. If ihe reaction be-
comes too fast to nhumerically resolve
the cooling by rarefactions, the flow
?uildl toward a detonatien too @uick-

Y.

A summary of the results of the
study dis shown 1in Table 3. Tae
ordering of shock sensitivity of the
explosives is again observed experi-
ncntallz correlating well with the
obsarved Pop plot data.?

To avaluate the sunsitivity to
shock more rlllllt1CIllg, we studied
the interaction of a 5-GPa shock wave
in BMX with & n1tx1x of epherical
holes of 4 x 10 "-mm diameter. The
computational grid cont|1n!d 24 x 22
bi 36 cells. each 1 x 107" ma on 2
slde. The 26 air holes were described
Ly 4 cells Eor sphere diameter.
Numerica]l tests with 2 to 6 cells a:r
sphere diameter showed the resul
wers independent of grid size for wore
than 3 cells per sphere diameter. The
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alr holes were located on a hcx?S:fnl
Close-packed lattice (BCP).

closest distance for the BCP matrix
between holes was 3.8 x 10" mm. The
time step vas 1.0 x 10~* ps. The void
fraction is 10X. Wwhile s single hole
fails to build toward a detcnation as
shown in Fig. 1, the matriz of holes
builds toward a detonation as shown in
Fig. 2. The experimental rur to
detonation for a S5-GPa shock wave in
"1.71 g/cm® EMX is 0.17 cm. While a
yropagating detonation wouid not be
ox?o ¢4 to oc~ur experimentally in
this geometry (the uted detonation
is the result of insufficient numeri-
cal resolution to resolve the reaction
at high pressures and temperature),
the enhancement of the shock wave
would occur.
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The interactio~ of a 12.5%-GPa
shock wvave 1in TATE with a single
spherical holy of 4 2 10 -mm diameter
is shown in Fig. 3. 1t faiis to build
toward a detoracion. The interaction
of a 12.5-GPa shock wave in TATB with
a matrix of spherical holes of 4 x
1073-am diameter with a void fraction
of 10X is shown in Fig. 4. The flow
builds toward a detonation. The
experimental run to detonation for a
12.5-GPa shock wave in 1.71 g/ca® TATB
is 0.30 cm. The cnmputed detonation
occursy too quickly because of insuf-
ficient numerical resolution when the
shock wave is enhanced to high enough

ressures and temperatures by the
nteracting hot spots.

"he interaction of a 2.0-GPa
shock wave in PATN vwith a single
spherical hole of 4 x 10 %-ma diameter
was calculated. Build up toward a
detonation did not occur. The inter-
action of a 2.0-GPa shock wave in PETN
with . matrix of spherical holes of 4
2 10 "-mn diameter with a void frac-
tion of 10X was valculated. The flow

builds toward a detonation after the
hot spots interact.

The experimental run toward
detonation values are about the same
for a 12.%-GPa shock ware inter
with TATS with 10X voids, for a
S.0-GPa shochk wawve interacti vith

B with 1 voids, and for a 2.0 GPa
shock wave teracting vith PETN witd
10Y voids.

The hag.rodymlic hot-spot model
describes basic difference betweea
shock sensitive and shock insensitive
explonives. The interaction of a
gshock waves with air holes in PEIN,
HMX, TATB, and MQ, the resulting
hot-gpot formation, interactivn, and
the build up toward detcnation or
failure have been modsled. Increased
hole sixe results in larger hot spots
that decompose mores of explosive
and add their anergy to the shoch vave
and result in increamed sensitivity of
the explosive to shock. Increased
number of holes alao causes more hot
spots that decompuse more explosive
and increase the lcnliti‘dt{ of the

losive to shock. The interaction
betveen hole size and number of holes
is complicated and requires numerical
modeling for adeguate evaluation of
specific cases. The hole size can
become sufficiently small (the criti-
cal hole sisze} that the hot spot is
cooled by side rarefactions before
lgprocltblo decomposition can occur.
Since increasing the number of holes
vhile holdin e percentage of voids
resent constant results in saaller
oles, we have coapeting processes
that may result in either a more or
less s*ock sensitive expl.sive. 1If
the hole size is below the critical
hole sire, then the explosive will
become less sensitive with increasing
number of holes of decreasing dia-
meter.

To evaluate the tential shock
sensitivity of an explosive for engi-
nwaring purposes, one needs to deter-
nine experimentally the Arrhenius
constants. One then calculates the
adiabatic explosion times for several
assumed hot-spot temperatures to0
determine the relative sensitivity of
the explosive compared with explosives
of known sensitivity. A more detailed
evaluation can be obtained from calcu-
lations using the hydrodynamic hot-
spot model.
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STUDIES OF DEIENSITIZATION BY
PREIEOCKING

Dick® performed a PEERMEX radio-
’;gphic ltn‘i of detonation vaves in
-9302 (93/3 Trisminotrinitro-
bensens/Xel-F binder at 1.894 g/ca’)
prooood.tnq uwp a 8.5~ by 15.0-cm blochk
of exploesive that was preshoched bxan

0.635-ca steel plate moving at 0.
{shot 1698) or 0.046 oma/pys (Shot
1914). The static and dynamic radio-
grlp for shot 1598 are shown in Fig.
. The preshocked PBX-9502 explosive
quenchas ths detonation wvave as it

propagates into the block of explo-
sive.

To invest gate the mechanise of
explosive desensitization by pre-
shocking, we again used the reactive
hydrodynamic code, 3DE.*¢

A constant voloc1t¥ Filton vas
anlind to the bottom o ATB explo-
sive cube shocking the explosive to
the desired pressure. WwWhen & highar
pressure second shock was to be intrc-
duced. the piston velocity was 1in-
creased and other filton state values
changod as appropriate for a muitiple
shock of the reguired pressures.

A single shock pressure of
290 kbare in TATB has a density of
2.8388 g/cm?, particle velocity of
0.21798 cm/us, energy of
0.02376 mb cc/g. and temperature of
1396 °K. A second shork pressure of
290 kbars in T..TB initially mhocked to
40 kbars has » density of 2.878 g/cm?.
onorq¥ of 0.0177%9 -cC/g, parlicle
velocity of 0.2040 cm/us. and tempera-
ture of B804.2 ‘K.

When a si0ock wave interacts with
a hole. a hot spot with temperatures
hotter than the surrounding axplosive
is formed in the region above the hole
after it is collapsed by the shock
wvave. The hot region decomposes and
contributes oncrgy to the shock wvave.
which has been degraded by the hole
interaction.

wWhether this oncrg{ is sufficient
to compsensate for the loss from the
hole interaction depends upon the
magnitude c¢f the initial shock wave,
the hole size, and the intaraction
with the flov from nearesc neighbor
hot spots.

The interaction of a 40-kbar
shock with a single 0.004-cm-diameter
air hole in TATD was wodeled. After
0.025 us, the 40-kbar shock had col-
lapsed the hole and a 290-kbar shock

wvave was jintroduced which passed
through the 40-kbar preshocked region
and overtook the 40- shock wvave.

The shock rature in the bulk
of the TATBE and adiabatic explo-
sion times are given belox;

First Shock (kbar) 40 290 40
Second shock (kbar) 299

?e.Yerturo (sl) 362.5 1396 804.2
Explosion Time (ps) 10! 10°¢ 3.85

The dsnsity and burn faction
surface contours are shov~ in Figs. 6
and 7 and the crosi sections through
the center of tn> hole are shown in
Fig. 8.

The 40~kbar shock wave collapsed
tha hole and formed a small veak hot
spot which was not hot enough to
result in appreciable decomposition of
the TATB.

The 290-kbar shock wvave tempera-
ture wac not hot enough to cause
explosion during the time studied in
the bulk of the explosive previously
shocked to 40 kbars:; hovever, the
aidditional heat present in the hot
spot formed by the 40-kbar shock wave
ufter 1t interactel with the hole was
sufficient to decompuse some of the
exglon:vo after 1t was shocked by thLe
290-kbar wave.

Propagating detonation occurred
immediately after the 290-kbar shock
wave caught up with the 40-kbar
preshock.

To investigate the effect of the
interaction of a matrix of holes with
a multiple shock profile. a mstrix of
10¥ air holes located on a hexagonal
close packed lattice in TATB vas
nodeled. The spherical air holes had
a diamater of 0.004 cm. The initial
configuration is shown in Fig. 9. The
three-dimensional computational arid
contained 16 by 22 b¥ 36 cells each
0.001 cm on a side. he time step was
n.0002 us. ri¥urc 10 showva the den-
eity and mass fraction cross sections
for a 40-kbar shock wave folloved
after 0.045% us by a 290-kbar shock
wave interacting vith a matrix of 10%
;1§B holes of 0.004-cm-diameter in

ATB.

The prechock desensitized the
explosive by closing the voids and
made it more homogeneous. The highar

ressure second shock wave proceeded
rough the preshocked explosive until
it caught up with the preshock.
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The three-dimensional modeling
study demonstrated that the desensiti-
gation occurs by the preshock inter-
acting with the holes and eliminating
the it{i discontinuities. The
subsequent higher pressure shock vaves
interact with a more homogeneous
explosive. The multiple shock tempera-
ture is lower than the single shock
temperature at the same pressure,
which is the cause of the observed
failure of a detonation wave to pro-
pagate in preshocked losives for
some ranges of preshock pressure.

The modification indicated by the
three-dimensional study to the Forest
Fire decomposition rate being limited
by the initial shock pressure wvas tc
ngd the Arrhenius rate lav to the
Forest Fire rate.

The Forest Fire rate for TATB is
shown in Fiz. 11 along with the
Arrhenius rate calculated using the
temperatures from the HOM equation of
state for the partially burned TATB
associated with the pressure as deter-
mnined by Forest Fire. we will proceed
using a burn rate determined by Forest
Fire limited to the injitial shock

ressure and the Arrhenius rate using
ocal partially burned explosive
temperstures.

The experimental g¢eocmetries
studied using PHERMEX shown in Fig. 5
were numerically modeled using a
reactive hydrodynamic computer code,
2DL, that wsolvas the Navier-stokes
equation by the finite difference
techniques described in Ref. (1). The
users manual for the 2DL code is
described in Ref. {(10). For oxflo-
sives that have been previous {)
shocked, Craig? experimentally ob-
served that e distance of run to
detonation for several multiple
shocked explosives was determined
primarily by the distance after a
second shock had overtaken the lowver
grouuro shock wave (the preshock).
o approximate this experimental
observation, we programmed the cal-
Cculation to use Forest Fire rates
determined b{ the first shock wave or
the rates deternined by any subsequent
release waves that result in lower
pressures and lower decoxposition
rates. As suggested by the three-
divensional study, we added the
Arrhenius rate using the local par-
tially burned explosive texperatures.
The HOM equation of state and Forest
Fire constants used to describe PBX-
9502 (X0290) sre given in Ref. (1).

The calculated pressurs and mass
shot

' fraction contours for PERIOGEX

1698 are shown in Fig. 12 along with
the radiographic interfaces.

The 2DL calculation had 50 by 33
Cells to describe the PEX-9502 50
b{ S calls to describe the steel
gh:to. The mesh size was 0.2 am and

time step vas 0.04 us.

The PHERMEX shot was numericall
modeled using various velocity stes
lates. The results are shown iL
able 4. The results agree with the
experimentel evidence that detonation
wave failure occurs in preshocked TATB
shocked by steel plates with veloci-
tieas of 0.046 and 0.08 cm/ps.

4
9502 mlm- Calcalatioas

Steal Plate Preshook Mesglt Upon Arrival of
Velooit Pre ion Weve

1 2] -y

(am/yn (kbar)
¢.320 L} Detomates presboched EX
oo 3 nll e g

. . [
0.080 %0 l:ﬂn preshocked I
0.100 70 rails io preshoched B
0,120 90 preshocked BX and

after 1.5 a» run

0.160 130 Detonates preshoohsd EX
0.200 100 Detonates

The desensitiretion of hetero-
eneous explosive by preshocking may
e attributed to the preshock closing
the voids, thus making the explosive
more homogeneous. The failure of a
detonation wave to propagate in the
reshocked explosive may be attributed

the lower temperature that occurs
in the multiple shocked explosive than
in the singly shocked explosive.

A rate law that combines the
Forest Fire rate limited to the rate
deternined by the initial shock pres-
sure and the Arrhenius rate lavw per-
mits a description of multiple shocked
explouive behavior for many engi-
neering purposes.
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Fig. 1 « A 4 x 10™%-mm diameter splerical air hole
in HBMX. The initial shock preisure is 5 0 GPa
The density and burn fracticn cross sections
through the center of the hole are shovn at var-
10us nas It does pot build toward detonation.

[FTEERETNITYY]
.
-

| 5 2 - A matrix of 10X air holes in HMX. The
lgg_’noll air holes have ¢ diameter of 4

1 BA. The initial shock pressure is 5.0 QGPa
The density and sass fractiob Cohtours ars shown
for a cross section thr-ugh the center of the

Batrix Tne flow builds toward a propagrting

detonation
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. 7The initial pressure is 12.5 The
d-nlity and burn fractien cross locuom through
the center of the hole are showvn at various times.
The flow does not build toward a Jdetonation.
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R

P
4 - A matrix of 10% air hcles in TATB. The
g,ricnl ;é.r holes have a dismetar of 4 x

initial shock pressure is 12.5 GPa.

rho domity and mass fraction contours are shown
for a croess section throu the caenter of the
satrix. The flov builds wrds a detonation.

Fig. 6 - The density surface contours {-r a
40-kbar shock interacting with a single
0.004-cm-diameter air hole in TATB Iolloud after
0.025 ps by a 290-kbar shock vave.

Fig. 5 - Static and dynamic radio
35-cn-thick tteel plate going
of TNT and a P=40 lens.

8rlgh 1698 of PRX-9502 shocked by a

ce/us and initiated by 2.54 cm
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Fig. 7 - The burn fraction contours for the systems
shown in Fig. 6. ‘
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Fig. 8 - The density and burn fraction croas
sections through tha center of tha }sle for the
syatem ghown in PFig. 6.
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Fig. 9 - The initial configurntion of
a matrix of 10% air holes in TATB.
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Fig. 10 « The density and mass fractions cross
sections are shown for a 40-kbar shock vave fol-
lowed after 0.045 ys by a 290-kbar shock wvave
interacting vith a matrix of 10¥ air holes of
0.004-cm-diameter in TATR.
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rig. 11 = The burn rate as a function of pressure
for the Forest Fire burn model and the Arrhenius

rate lav using the BOM temperatures associated
with the Forest Fire pressures.

Fig. 12 - The pressurs and mass fraction contours
for a detonation vave in PRX-9%02 interacting vith
explosive that had besen preaviocusly shocked to

30 kbars. The PHENMEX radiograph interfaces are
shown by stars. The mase fraction contour interval
is 0.1 and shown as a thick almost so'id line.

The pressure contour interval is 40 kbars.



